The nucleotide sequence of the Clostridium cellulovorans xynB gene, which encodes the XynB xylanase, consists of 1,821 bp and encodes a protein of 607 amino acids with a molecular weight of 65,976. XynB contains a typical N-terminal signal peptide of 29 amino acid residues, followed by a 147-amino-acid sequence that is homologous to the family 4-9 (subfamily 9 in family 4) carbohydrate-binding domain. Downstream of this domain is a family 10 catalytic domain of glycosyl hydrolase. The C terminus separated from the catalytic domain by a short linker sequence contains a dockerin domain responsible for cellulosome assembly. The XynB sequence from mass spectrometry and N-terminal amino acid sequence analyses agreed with that deduced from the nucleotide sequence. XynB was highly active toward xylan, but not active toward carboxymethyl cellulose. The enzyme was optimally active at 40°C and pH 5.0. Northern hybridizations revealed that xynB is transcribed as a monocistronic 1.9-kb mRNA. RNA ligase-mediated rapid amplification of 5 cDNA ends by PCR (RLM-5RACE PCR) analysis of C. cellulovorans RNA identified a single transcriptional start site of xynB located 47 bp upstream from the first nucleotide of the translation initiation codon. Alignment of the xynB promoter region provided evidence for highly conserved sequences that exhibited strong similarity to the A consensus promoter sequences of gram-positive bacteria. Expression of xynB mRNA increased from early to middle exponential phase and decreased during the early stationary phase when the cells were grown on cellobiose. No alternative promoter was observed by RLM-5RACE PCR and reverse transcriptase PCR analyses during expression. The analysis of the products from xylan hydrolysis by thin-layer chromatography indicated its endoxylanase activity. The results suggest that XynB is a consistent and major cellulosomal enzyme during growth on cellulose or xylan.
Hemicellulose is the second most abundant renewable polysaccharide in nature after cellulose (3) . ␤-1,4-Xylan is a major component of hemicellulose and has a backbone of ␤-1,4-linked D-xylopyranoside residues replaced by acetyl, arabinosyl, and uronyl side chains (50) . The complete breakdown of xylan requires the action of several hydrolytic enzymes (3) . The most important hydrolytic enzyme is endoxylanase (1,4-␤-Dxylan xylanohydrolase) (EC 3.2.1.8). Xylanases have been widely detected in bacteria and fungi, and their properties have been characterized (3, 52) . On the basis of the amino acid sequences of catalytic domains, xylanases have been classified into two groups: family 10 and family 11 of glycosyl hydrolases (25) .
Clostridium cellulovorans ATCC 35296 (44) produces a highly active polysaccharolytic complex termed the cellulosome, in which several cellulases are tightly bound to a scaffolding protein called CbpA (1). Doi et al. (11) and Tamaru et al. (11, 49) have characterized the genes necessary for degradation of the plant cell wall of this bacterium. However, until now, only one xylanase gene, xynA, encoding a family 11 glycosyl hydrolase, had been cloned and expressed in Escherichia coli in agreement with the presence of xylanase activity in the cellulosome (27, 28) .
In this paper, we describe the nucleotide sequence, expression, and characterization of the xynB gene, a family 10 glycosyl hydrolase, encoding one of the consistent components of the cellulosome and corresponding to component P6 of a subpopulation of the C. cellulovorans cellulosome (35) . In addition, we performed a detailed transcriptional analysis of the xynB promoter and its regulation by growth phase in order to gain some understanding of the pattern of expression of this gene in C. cellulovorans. We also characterized the XynB enzyme purified from a recombinant E. coli strain.
MATERIALS AND METHODS
Bacterial strains and fosmid. C. cellulovorans ATCC 35296, used for isolation of the cellulosome fraction, was described previously (42) . The E. coli strain used was EPI300 (Epicentre). A fosmid (Epicentre) containing 50-kb DNA fragments was used for determination of the DNA sequence of xynB and the production of the recombinant enzyme.
Nucleic acid isolation. Chromosomal DNA of C. cellulovorans was isolated by using the genomic DNA purification kit (Promega) according to the manufacturer's instructions. Total RNA was extracted from C. cellulovorans broth cultures using the QIAGEN RNeasy kit with the additional step of treatment with RNAlater solution (Ambion) and RNase-free DNase (Promega) according to the manufacturers' instructions.
Fosmid library construction and screening. The C. cellulovorans fosmid library was constructed as follows. Briefly, genomic DNA was randomly sheared by passing it through a syringe needle. The ends of the sheared DNA were then repaired, and the DNA fragments were separated on 0.8% agarose in 1ϫ TAE (1ϫ TAE is 40 mM Tris, 20 mM acetic acid, and 1 mM EDTA) overnight at 30 V. Then 50-kb fragment pools were gel purified and cloned into the vector EpiFOS (Epicentre) according to the manufacturer's instructions. Ligated DNA was packaged with the Epicentre MaxPlax lambda packaging extract and used to transfect E. coli EPI300 cells (Epicentre). Transfected cells were selected on Luria-Bertani (LB) agar containing 12.5 g of chloramphenicol per ml. The procedure yielded 2,000 recombinant clones. The LB agar plates, on which the recombinant E. coli bacteria were grown, were overlaid with soft agar containing 0.3% xylan (birchwood; Sigma) and 0.7% agar in 25 mM sodium acetate buffer (pH 6.0). After incubation at 37°C for 16 h, the plates were stained with 0.3% Congo red and destained with 1 M NaCl. The clones that formed halos were selected as xylanase-positive colonies. The xylanase-positive clones were picked and restreaked to confirm the formation of clearing zones around the colonies on LB agar overlaid with soft agar containing xylan.
Construction of the mutant library and DNA sequencing. The EZ::TN ϽoriV/ KAN-2Ͼ insertion system (Epicentre), based on in vitro Tn5 transposition (18) , was used to generate insertion knockout mutants of xynB. The xylanase-positive clone was incubated with transposase and an EZ::TN ϽoriV/KAN-2Ͼ transposon with a kanamycin resistance marker under the conditions suggested by the manufacturer (Epicentre). After the reaction, the reaction mixture was used to transform TransforMax EPI300 electrocompetent E. coli, and the knockout (xylanase-negative) transformants were selected on LB plates with 0.3% xylan, 50 g of kanamycin per ml, and 12.5 g of chloramphenicol per ml. The transposon insertion sites of mutant clones were mapped by nucleotide sequencing with the transposon-specific flanking primers (Epicentre).
RLM-RACE PCR. RNA ligase-mediated rapid amplification of cDNA ends by PCR (RLM-RACE PCR) was performed with total RNA extracted from a C. cellulovorans culture grown on cellobiose and was used to determine single or multiple transcription start points. Rapid amplification of 5Ј cDNA ends (5ЈRACE) was performed using the FirstChoice RLM-RACE kit (Ambion) according to the manufacturer's instructions with the following exceptions. The nested PCR conditions for 5Ј outer PCR were as recommended, with 10 pmol of gene-specific outer primer xynB-5Ј-Outer (5Ј-GAACAGACGTATTGAAAG CA), 1.25 U of SuperTaq polymerase (Ambion), 10 pmol of 5ЈRACE outer primer (5Ј-GCTGATGGCGATGAATGAACACTG) (Ambion), 1ϫ SuperTaq PCR buffer (Ambion), 100 M deoxynucleoside triphosphates, 1 ng of firststrand cDNA reaction mixture per l, and H 2 O to a volume of 50 l. PCR was performed as follows: (i) 4 min at 94°C; (ii) 35 cycles, with 1 cycle consisting of 30 s at 94°C, 30 s at 60°C, and 40 s at 72°C; and (iii) 7 min at 72°C. 5Ј inner PCR was performed, as recommended, with 10 pmol of gene-specific inner primer xynB-5Ј-Inner (5Ј-CTCTATTAATAAGTAGCACCTTCG) and 10 pmol of 5ЈRACE inner primer (5Ј-CGCGGATCCGAACACTGCGTTTGCTGGCTTT GATG) (Ambion) using the same conditions as for the 5Ј outer PCR. PCR products were run on 2% agarose gels and sequenced.
RT-PCR analysis. Reverse transcriptase (RT) reactions were performed in a final volume of 20 l, which contained 5 mM MgCl 2 , RT buffer (10 mM Tris-HCl [pH 9.0], 50 mM KCl, 0.1% Triton X-100), 1 mM each of the four deoxynucleoside triphosphates, 1 U of recombinant RNasin RNase inhibitor (Promega), 15 U of avian myeloblastosis virus RT (Promega), 0.25 M oligonucleotide primer, and 10 g of substrate RNA. Reaction mixtures were incubated at 42°C for 60 min, and reactions were terminated by heating the mixtures at 95°C for 5 min, followed by incubation on ice for 5 min. The cDNA products were then amplified in 50-l PCR mixtures using 1 l of the RT reaction mixture as the template.
Northern blot analysis. RNA samples (5 g) were denatured in RNA sample buffer at 65°C for 10 min. RNA sample buffer consists of 250 l of formamide, 83 l of 37% (wt/vol) formaldehyde, 83 l of 6ϫ loading dye (Promega), 50 l of 10ϫ MOPS (morpholinepropanesulfonic acid) buffer (10ϫ MOPS buffer is 20 mM MOPS, 5 mM sodium acetate, and 1 mM EDTA [pH 7.0]), and 34 l of distilled water. RNA samples were separated through 1% agarose gels in MOPS buffer with 2% (vol/vol) formaldehyde. DNA probes were synthesized by PCR using specific oligonucleotides derived from the C. cellulovorans sequence as a template ( Table 1 ). The probes were nonradioactively labeled by random priming using the digoxigenin (DIG) High Prime kit (Roche). To add the correct amount of probe for hybridization, a serial dilution of each probe (0.05 to 10 pg) was spotted on a nylon membrane, and the labeling sensitivity (amount of labeled DNA per spot) was determined. RNA was transferred overnight to a positively charged nylon membrane (Roche) by capillary transfer using 20ϫ SSC (20ϫ SSC is 0.3 M NaCl plus 0.03 M sodium citrate [pH 7]). Hybridization was performed for 16 h at 50°C in DIG Eazy Hyb buffer solution (Roche). The membrane was washed and specific transcripts on the blots were detected by using the DIG luminescence detection kit (Roche) according to the protocol recommended for the kit.
Preparation of the recombinant enzyme. The recombinant enzyme was isolated from culture supernatants of a xylanase-positive clone or a knockout clone. The culture supernatants were obtained by centrifugation of cultures grown overnight (1,000 ml) in LB medium containing chloramphenicol (12.5 g/ml). The supernatants were concentrated by 80% ammonium sulfate saturation and dialyzed. The dialyzed enzyme was concentrated with Ultrafree Biomax (10-kDa cutoff; Millipore). The concentration of fractionated protein was measured by the method of Bradford (5) with a protein assay kit from Bio-Rad, using bovine serum albumin as the standard.
SDS-PAGE, zymogram, and mass spectrometry analyses. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with a 10% polyacrylamide gel by the method of Laemmli et al. (29) . Proteins were fixed in the gels by soaking in a solution containing 40% (vol/vol) methanol and 10% (vol/vol) acetic acid for approximately 1 h and subsequently visualized by Coomassie blue staining (Genomic Solutions). The zymograms for xylanase and carboxymethyl cellulase were performed by using a 0.1% (wt/vol) concentration of each substrate incorporated into the polyacrylamide. After SDS-PAGE, the gels were renatured in renaturation buffer (100 mM succinic acid, 10 mM CaCl 2 , 1 mM dithiothreitol [pH 6.3]) for 2 h at 25°C with gentle shaking. The renatured gel was then incubated in fresh renaturation buffer for 1 h at 37°C with gentle shaking. The clearing zones corresponding to enzyme activities were visualized with 0.3% (wt/vol) Congo red (stained for 10 min and destained with 1 M NaCl solution) (4) . Mass spectrometric analysis was performed to identify the XynB protein on cellulosomes, and recombinant proteins were separated by SDS-PAGE as described previously (19) .
Analysis of reaction products. Xylan degradation products were determined by thin-layer chromatography (TLC) on precoated TLC sheets (silica gel; Whatman) with acetone-ethyl acetate-acetic acid (2:1:1, vol/vol/vol) (34) . The plates were visualized by spraying with a 1:1 (vol/vol) mixture of 0.2% methanolic orcinol and 20% sulfuric acid.
Nucleotide sequence accession number. The xynB gene sequence was submitted to GenBank and has been assigned accession number AY604045.
RESULTS AND DISCUSSION
Analysis of DNA sequence and transcriptional start site of C. cellulovorans xynB. Figure 1 shows the C. cellulovorans xynB coding sequence and flanking regions. There is an open reading frame composed of 1,821 nucleotides encoding a protein of 607 amino acids with a predicted molecular weight of 65,976. The assigned ATG initiation codon at nucleotide position 316 is preceded by a conserved putative ribosome binding site (GGGGA). The reading frame is terminated by the stop codon TAA at position 2136. In order to localize the promoter, the transcription start site of xynB was determined by RLM-5ЈRACE PCR analysis. An 165-bp PCR fragment (5Ј-Inner/5ЈRACE inner primer) was generated for DNA sequencing of the region upstream of the transcription start site of xynB. One clear ending sequence was identified 47 bp upstream from the A of the proposed ATG start codon, and it was obtained by DNA sequencing of the RLM-5ЈRACE PCR product ( Fig. 2A) . In addition, this transcription start point was confirmed by RT-PCR analysis using multiple primer combinations (xynB-F1/xynB-R, xynB-F2/ xynB-R, and xynB-F/xynB-R) ( Fig. 2B and Table 1 ). The xynB mRNA start point suggested a putative promoter sequence, TTGACA and TATATT, with a 17-bp spacing between them (Fig. 2C) . These sequences show high homologies to the consensus promoter sequences for 70 factor found in E. coli, i.e., TTGACA and TATAAT with a 17-bp spacing (39) . The consensus sequence of xynB and previously determined C. cellulovorans promoters (21) at Ϫ10 (5Ј-T-GAAA-3Ј) and at Ϫ35 (5Ј-TATAAT-3) are homologous to elements recognized by Bacillus subtilis ( A ) and E. coli ( 70 ) RNA polymerases (7, 56) (Fig. 2C) , and the consensus sequence contained only one mismatch to the E. coli 70 Ϫ10 consensus sequence (23) . The spacing between the Ϫ35 and Ϫ10 regions was 17 bp, which is the optimal spacing observed for B. subtilis and E. coli promoter sequences (7, 22) . The close similarity of the promoter to the consensus A sequence suggests that the xynB promoter, if not subjected to any regulatory constraints, would act as a strong promoter in vivo (10, 23) . In addition, the xynB promoter was very similar to previously determined C. cellulovorans promoters (1, 21) .
Northern hybridizations of the RNA with a xynB probe showed a single transcript of 1.9 kb (data not shown). The size of this mRNA agreed with the size of the xynB gene (1,821 bp) and indicated that xynB was a monocistronic gene. On the basis of the size of xynB mRNA and the location of the transcription start site, a putative transcription terminator that consists of a 44-bp palindromic sequence, corresponding to an mRNA hairpin loop with a ⌬G of Ϫ67.6 kcal/mol (6, 45), followed by a long poly(U) tail (AUAUAUAUUUUUU) was found downstream of the TGA termination codon at nucleotide position 2171 (Fig. 1A) . This structure is similar to the rho factorindependent terminator of E. coli (39) .
Transcriptional analysis of xynB. To find alternative promoters and determine whether the xynB gene along with C. cellulovorans genes are regulated coordinately, changes in the level of mRNA expressed were monitored during cultivation of C. cellulovorans on cellobiose as the sole carbon source. RNA was prepared from the culture at different stages of growth. During the culture for 30 h, the pH was not changed and 0.5% (wt/vol) cellobiose was not consumed totally by C. cellulovorans (data not shown). The RNA was subjected to Northern blot analyses using primers that were specific to the xynB, xynA, cbpA-exgS, and arfA genes. These genes represent the major subunits (cbpA-exgS) (17, 32, 43) , xylanase gene (xynA) (28) , and a noncellulosomal ␣-L-arabinofuranosidase gene, arfA (26) . A semiquantitative measure of the level of xynB mRNA, using DIG-labeled probes and RNA isolated at different times during cell growth, was obtained by Northern blot analysis ( Fig. 3A and B) . The intensities of the bands were close approximations of their relative abundance. The levels of xynB mRNA increased simultaneously from early to middle exponential phase and dramatically decreased during the early stationary phase when the cells were grown on cellobiose (Fig.  3A , points 1 to 9, and B, lanes 1 to 9). Like xynB gene expression, cells contained high levels of cbpA, exgS, and xynA mRNAs during most of the exponential growth phase with the level peaking at the middle of the exponential phase ( Fig. 3A and B). In contrast, the arfA transcripts increased during the middle of the stationary phase ( Fig. 3A and B, lane 10) and peaked when the cells reached the stationary growth phase (Fig. 3A and B, lanes 9 and 10). RLM-5ЈRACE PCR analysis was performed using primers 5Ј-Inner and 5Ј-Outer (Fig. 1A) , which were specific for identifying the putative promoter. One clear band (165 bp) of the nested mRNA product from the RLM-5ЈRACE PCR was found during the early to late exponential phase (Fig. 3C) and disappeared during the stationary phase ( Fig. 3A and C) . The fact that nested PCR did not produce several bands indicates no alternative transcriptional start site. A negative control using the RNA that was not reverse transcribed was included to ensure that there was no contaminating DNA present in the RNA preparation (data not shown).
The mRNA of xynB and the mRNAs of cbpA-exgS and xynA are coordinately expressed, whereas the time course of expression of these genes (xynB, cbpA-exgS, and xynA) was greatly different from that of the noncellulosomal ␣-L-arabinofuranosidase gene (arfA). The transcriptional data also showed that whereas xynB and cbpA-exgS from cells grown on cellobiose were efficiently expressed, relatively low levels of xynA and arfA transcripts were present. In addition, the xynB gene and major cellulase genes, such as cbpA-exgS and engE, were constitutively expressed (19) (20) (21) . On the basis of a general model for induction of xylanase expression in Trichoderma reesei, a sensor enzyme may be constitutively expressed; this enzyme hydrolyzes xylan into oligosaccharides that can enter the bacterium and activates the expression of all the xylanase genes (33, 57) . It is possible that one or more of the constitutively expressed C. cellulovorans xylanases functions as the sensor enzyme. Cellulose and xylan are closely associated in nature, and it appears that C. cellulovorans has mechanisms to ensure efficient utilization of both types of polymers. Previous studies also suggest that a common regulatory mechanism may exist at the transcriptional level for cellulase and xylanase induction by cellobiose in this organism (19, 20) . Cellulose metabolites, such as cellobiose, or a derivative of cellobiose may act as an inducer and may bind to a receptor protein in a signal transduction pathway, and this pathway would then lead to cellulase induction.
Amino acid sequences and domains of XynB. A previous study of C. cellulovorans showed that the bacterium produces high levels of xylanase activity when grown on xylan and concluded that at least four xylanase genes were located on the C. cellulovorans chromosome (27, 35) . The xylanase subunit, XynA, was found recently, and its xylanase activity is ascribed to a family 11 catalytic domain (28) . In this work, we have located xynB from the fosmid clone which contained a 50-kb insert DNA without xynA. High sequence identity to XynB is observed with XynC of C. thermocellum (44%) (24) , XynB of Polyplastron multivesiculatum (38%) (9) , and XynA of Thermotoga neapolitana (35%) (59) . Figure 1B shows schematically the molecular architecture of XynB. The deduced N-terminal sequence of 29 amino acids contains a sequence similar to the signal peptide sequences found in prokaryotic secretory proteins, which have a short 3) , xynB-F2 and xynB-R (lanes 4 to 6), and xynB-F and xynB-R (lanes 7 to 9) (more details in Table 1 ). RT-PCR analysis was performed using total RNA (lanes 1, 4, and 7) that was isolated from C. cellulovorans in the medium containing cellobiose. In controls, the reactions were performed with DNA template (lanes 2, 5, and 8) or in the absence of RT (lanes 3, 6, and 9 ). The positions of molecular size markers (M) (in base pairs) are shown to the left of the gel. (C) Transcription start points are indicated by the bent arrows. The nucleotide numbering begins from the first codon shown on the right. The consensus sequence derived from this alignment is given at the bottom. It consists of nucleotides that are present in any given position in more than 50% of the sequences. Promoter sequence nucleotides that match those of the consensus sequence are shown as white letters on a black background. The coordinates are those in the published nucleotide sequences for cbpA (43) (GenBank accession no. M73817), engE (48) (GenBank accession no. AF105331), and manA and hbpA (47, 49) (GenBank accession no. AF132735).
region rich in positively charged amino acids (lysine-5 and arginine-6), followed by a sequence of predominantly hydrophobic residues (leucine-7, -8, and -12; valine-11, -17, and -23; alanine-14, -18, -20, -22, and -24; and isoleucine-16), a residue breaking the secondary structure (proline-26), and a cleavage site ending with alanine-29 (37).
Comparison of the amino acid sequence of XynB with those registered in SWISS PROT and GenBank databases clearly revealed that the mature XynB protein consisted of three distinct functional domains. The N-terminal domain of the mature form of XynB, 147 amino acid residues downstream of the signal peptide, is homologous with the family 4-9 (subfamily 9 in family 4) carbohydrate-binding domain of other xylanases (Fig. 4A) , i.e., 37% sequence identity with XynC of Clostridium thermocellum (24) , 33% identity with XynD of Ruminococcus flavefaciens (14) , and 32% identity with XynA of Thermotoga maritima (55) .
The family 10 catalytic domain of XynB, extending from positions 193 to 532, exhibited extensive sequence homology with the catalytic domains of the other xylanases in family 10 glycosyl hydrolase domains (Fig. 4B) , i.e., 52% sequence identity with XynA of R. flavefaciens (58) , 45% identity with XynY of C. thermocellum (15) , and 38% identity with XynB of Butyrivibrio fibrisolvens (31) . The catalytic domains of these enzymes are highly conserved in eight regions and presumably serve to form the overall structure of these enzymes (Fig. 4B) , suggesting that these xylanases have diverged from a common evolutionary ancestor. In addition, two glutamic acid residues (Fig. 4B) , which have been confirmed as the catalytic amino acids by site-directed mutagenesis and crystallography in Cellulomonas fimi, C. thermocellum, and Streptomyces lividans (8, 51, 53, 54) , were conserved in two identical regions as the nucleophile and the proton donor, and it is assumed that the highly conserved histidine-427 of XynB presumably serves to stabilize the transition state with an oxocarbonium ion character (41) .
The third domain in XynB is a dockerin domain located in the C terminus of the peptide. Dockerins that consist of a pair of well-conserved 22-residue repeats are highly conserved in cellulases and xylanases from C. cellulovorans (Fig. 4C) and play a role in cellulosome assembly by docking the various catalytic subunits to the scaffolding protein CbpA (11, 12, 38) . Murashima et al. (35) fractionated the cellulosome of C. cellulovorans into subpopulations by ion-exchange chromatography. One subpopulation with high cell wall degrading activity contained an enzyme subunit called P6 with strong xylanase activity, and the N-terminal amino acid sequence of P6 was identical to that of XynB reported in this study. We also found XynB on cellulosomal enzymes isolated from different culture conditions, for example, not only in cultures grown on xylan as the sole carbon source but also in cultures grown on cellulose and cellobiose (data not shown). These findings along with the presence of a dockerin domain suggest that XynB is a consistent and major catalytic subunit of the cellulosome of C. cellulovorans.
Identification and characterization of XynB in recombinant protein. The gene product of xynB was recovered from the supernatant of E. coli EPI300 grown on LB by ammonium sulfate precipitation. The cellulosomal proteins were purified from C. cellulovorans grown on xylan-containing medium by a cellulose affinity column, HiLoad 26/60 Superdex 200 prep grade column and RESOURCE Q (35, 42) . We analyzed the recombinant proteins by zymogram analysis and compared them with the cellulosomal protein. The recombinant proteins gave one major band in the zymogram with xylan, and the molecular weight of the enzyme was estimated to be 65,000 ( Fig. 5B, lane 2) , which appeared to be the same size as the mature XynB deduced from the nucleotide sequence (65,976 Da) (Fig. 1) . A band with an apparent molecular weight of 65,000 was detected in the cellulosomal proteins purified from C. cellulovorans (Fig. 5A, lane 1) . The size of the protein was in good agreement with that of the full-length XynB produced by recombinant E. coli and the size calculated from the deduced amino acid sequence. The mass spectrometry technique was also used for the identification of proteins separated by SDS-PAGE. The mass spectra of XynB showed the amino acid sequences of tryptic peptides LPLLFDGNYYPKPAFDSVVK, LVPTSDYYTPGYAL GDVNNDGK, IYAWDVVNECYLDGGNLR, YFDIGCAA TPSEVSLQVAK, ENFSDTGATVSK, and EASAWNLVY GDDSYIDNAFTYAR, which perfectly matched the entire sequence of XynB. The N-terminal amino acid sequence of this protein (65.3 kb) was previously identified as Glu-Asp-AlaLeu-Leu-Ile-Ser (35), which was found in the deduced amino acid sequence of XynB at amino acid positions 31 to 36 (Fig.  1A) . However, one additional smaller band was found at a molecular size of 52,000 (Fig. 5B, lane 2) , and it is likely that the xylanase obtained here arose from the parental protein by partial proteolysis. The XynB protein showed specific activity toward xylan and no activity toward carboxymethyl cellulose (Fig. 5C) . The profiles based on SDS-PAGE, mass spectrometry, and zymogram analyses suggest that XynB is one of the major components of the cellulosome.
The optimum temperature for activity was found to be 40°C at pH 6.0 (data not shown). The optimum pH for activity was found to be pH 5 when the enzyme activity was assayed at 37°C in sodium acetic buffer solutions at various pHs (data not shown). The action of the enzyme on xylooligosaccharides was qualitatively analyzed. As shown in Fig. 6 , XynB hydrolyzed xylotetraose and xylopentaose to yield mainly xylobiose and xylotriose, along with very small amounts of xylose. When xylan was treated with the enzyme, xylobiose and xylotriose were produced as end products accompanied by small amounts of xylose (data not shown). In contrast, this enzyme was less active toward xylotriose and not active at all toward xylobiose (Fig. 6) .
The general characteristics of XynB, including temperature and pH for maximum activity, are very similar to those of xylanases (3) . XynB hydrolyzed xylan substrates, releasing xylobiose and xylotriose as the major products. In addition, TLC analysis with xylooligosaccharides showed that all the xylooligosaccharides (xylotriose, xylotetraose, and xylopentaose) (31) , Caldicellulosiruptor sp. strain Rt8B.4 (C.r) XynA (P40944) (13) , Bacillus halodurans (B.h) XynA (P07528) (46) , Clostridium stercorarium (C.s) XynB (P40942) (16) , Thermoanaerobacterium saccharolyticum (T.s) XynA (P36917) (30) , C. thermocellum (C.t) XynX (P38535), Geobacillus stearothermophilus (G.s) XynA (P45703) (2), Thermotoga maritima (T.m) XynA (Q60037) (55) , and Thermotoga neapolitana (T.n) XynA (Q60042) (59) . The two catalytic Glu residues are marked by vertical arrows. (C) Alignment of dockerin domains of XynB, EngB, EngE, EngH, EngK, EngL, EngM, EngY, ExgS, ManA, PelA, and XynA of C. cellulovorans. Gaps introduced to maximize alignment are indicated by dashes. Amino acids that are conserved in more than 50% of the sequences are indicated by white letters on a black background. Residues that are identical in all enzymes are indicated by an asterisk. Numbers at the start of the respective lines refer to amino acid residues; all sequences are numbered from Met-1 of the peptide. Each xylooligosaccharide (xylobiose to xylopentaose) (2 mg) was incubated with either knockout recombinant XynB (1 g) (lanes 1, 3, 5 , and 7) or recombinant XynB (1 g) (lanes 2, 4, 6, and 8) for 16 h, and the hydrolysates were analyzed by TLC. S, authentic oligosaccharides; X1, xylose; X2, xylobiose; X3, xylotriose; X4, xylotetraose; X5, xylopentaose.
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were hydrolyzed except for xylobiose, suggesting that XynB hydrolyzes xylan in a manner typical of many endo-␤␤-1,4-xylanases (3, 40) . XynB as a xylanase in the cellulosome should contribute to the degradation of the xylan present in plant cell walls, allowing the cellulosome access to cellulose chains that are buried in xylan and are not readily accessible unless xylan is hydrolyzed and removed.
